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During the late 1970s Bert Hölldobler, George Oster, and I considered changes in queen number following the rise of eusociality in ants as a problem in evolutionary optimization, determined ultimately by kin selection and environmental selection pressures (Wilson, 1993) Eusocial insects have an enormous variety of breeding systems, characterized by different numbers of egg-laying females with different shares in reproduction (Bourke & Heinze, 1994; Choe & Crespi, 1997; Hölldobler & Wilson, 1990; Keller, 1993; Michener, 1974; Ross & Matthews, 1991; Wheeler, 1928; Wilson, 1975) . This is not unlike the vertebrate cooperative breeders (Kappeler, 2010; Koenig & Dickinson, 2004; Solomon & French, 2007) , but the male roles in eusocial insects are fundamentally different, because they are only present as stored sperm in the haplodiploid ants, bees and wasps, or as unusually committed monogamous breeders in the termites (Boomsma, 2007; Boomsma, Baer, & Heinze, 2005) . In the obligatorily eusocial insects (ants, corbiculate bees except the euglossines, vespine wasps and higher termites), queens are so morphologically specialized that they can never reproduce without helpers, and these helpers are all irreversibly committed to morphologically distinct caste phenotypes characterized by lifetime unmatedness. Queens, workers and (if they occur) soldiers have thus universally lost reproductive totipotency in exchange for permanent mutual dependence, fuelled by indirect fitness benefits (Hamilton, 1964a (Hamilton, , 1964b for the unmated castes (Beekman, Peeters, & O'Riain, 2006; Boomsma, 2013; Crespi & Yanega, 1995) .
Both inclusive fitness theory and comparative analyses indicate that these obligatorily eusocial lineages evolved from lifetime monogamous ancestors (Boomsma, 2007 (Boomsma, , 2009 (Boomsma, , 2013 Hughes, Oldroyd, Beekman, & Ratnieks, 2008) so that average relatedness to siblings equalled relatedness to offspring when castes differentiated towards irreversible morphological and physiological complementarity.
The alternative of facultative eusociality may take two forms. In the most basal version, colonies or populations differ in having helpers at the nest or doing without, as happens in some halictid bees and vertebrate cooperative breeders. In the more elaborated version, colony life has become obligate (i.e. all nests have at least some helpers), which is typically accompanied by some physical differentiation between breeders and helpers, but always by adult phenotypic plasticity rather than by hardwired developmental differences that are completed before pupation. Examples are polistine wasps, including the swarm-forming polybiines and, in vertebrates, the naked mole-rat. Lifetime commitment to unmatedness and a priori constrained reproduction of helpers thus never fully applies in facultatively eusocial breeding systems, consistent with parental monogamy never being universal either (Boomsma, 2009 (Boomsma, , 2013 . Representatives of these lineages always live in colonies where at least some individuals express eusocial nursing or defending behaviours, but where a variable number of them also retain reproductive totipotency (Beekman et al., 2006; Crespi & Yanega, 1995) . Dominant breeders thus obtain their status by likelihood rather than developmental destiny, so nests will have at least some helpers with the potential to become breeders later in life, either at home or elsewhere (Boomsma, 2013; Crespi & Yanega, 1995) .
In facultatively eusocial and cooperative breeders, decisions to join or leave nests are largely topedown in hierarchies of dominant breeders, so that nest inheritance practices always have elements of usurpation (Fig. 1) . However, once the point of no return towards obligate eusociality has been passed, such decisions become contingent on the bottomeup approval of a 'silent' majority of unmated, lifetime subordinate workers (Bourke & Franks, 1995; Nonacs, 1988; Pamilo, 1991) . It now seems most likely that this type of transition happened twice independently in the bees, as the honeybees and euglossine bees are more closely related than each of them is to the bumblebees and stingless bees, which form their own clade (Cardinal & Danforth, 2011) . The ants and vespine wasps represent single origins of obligate eusociality Johnson et al., 2013) , and whether there are additional transitions towards true worker castes outside the higher termites is still debated (Inward, Vogler, & Eggleton, 2007) .
Being precise about categories of eusociality implies that similar precision is helpful when defining polygyny. The term is confusing to start with, because it is normally used to describe harems (i.e. situations where a single male breeds simultaneously with multiple females). This never occurs in the eusocial insects as Figure 1 . An overview of what is known about the relationship between colony founding (haplometrosis or single queen; pleometrosis or multiple queens) and caste commitment of helpers, separating lineages that are facultatively eusocial (having either purely behavioural helpers or workers and breeders that differentiate via adult phenotypical plasticity) from those with obligate eusociality (having physically differentiated castes that are irreversibly determined before reaching the adult stage). Each of the six boxes summarizes defining characteristics and gives typical but nonexhaustive examples. Secondary polygyny, in which physically differentiated workers make decisions to re-adopt or reject newly mated queens independent of the previous generation of queen (s) , is restricted to the obligatorily eusocial domain (see text for details).
colony-founding males are either monogamously committed (termites) or fundamentally subordinate, when their role is restricted to being represented as stored sperm in the body of a queen, either alone or with other ejaculates (ants, bees and wasps; . Within the eusocial insects it is further important to discriminate between three forms of polygyny or pleometrosis: (1) primary polygyny, based on foundresses initiating a nest together and sharing later reproduction (common in facultatively eusocial breeding and rare in obligatorily eusocial breeding; Bernasconi & Strassmann, 1999; Ross & Matthews, 1991) ; (2) primary polygyny, which only lasts until the first workers hatch, as that event triggers lethal fighting among the cofounding queens or their workers so that only one queen remains (Holman, Dreier, & d'Ettorre, 2010; Sommer & Hölldobler, 1995) ; and (3) secondary polygyny, based on workers of established nests re-adopting new cohorts of queens (mostly or exclusively colony daughters) after they have mated with usually unrelated males (Bourke & Franks, 1995; Crozier & Pamilo, 1996; Hölldobler & Wilson, 1990 ). Our present review will focus on this third form of polygyny where unmated and physically differentiated workers make these re-adoption decisions (Fig. 1) .
The first reviews on the evolution of polygyny in social insects following Hamilton (1964b Hamilton ( , 1972 focused on ants (Hölldobler & Wilson, 1977) and polistine wasps (Turillazzi & West-Eberhard, 1996; West-Eberhard, 1978) , and early models indicated that polygyny can in principle be understood as a kin-selected adaptation (Nonacs, 1988; Pamilo, 1991;  see also quote at the start of this review). These insights were aptly summarized, elaborated, and supplemented with data on other social taxa by Bourke and Heinze (1994) and Keller (1993) , and in some later chapters of edited volumes (e.g. Heinze & Foitzik, 2009; Steiner, Crozier, & SchlickSteiner, 2010) . At the same time, empirical studies of polygyny began to focus on reproductive skew (Nonacs & Hager, 2011 ) and on polygynous ants that seemed to challenge kin selection orthodoxy (i.e. the most extreme, evolutionarily derived forms of polygyny in the so-called unicolonial ants; Helanterä, Strassmann, Carrillo, & Queller, 2009 ). However, all previous reviews have considered polygyny as a continuum of multifemale nesting, without making the distinction between facultative and obligate eusociality that we make in Fig. 1 (see also Boomsma, 2009 Boomsma, , 2013 . In the former, dominant females compete for a maximal share in reproduction with subordinates that end up assuming helper roles for indirect fitness benefits and/or a statistical likelihood of gaining direct fitness later in life (e.g. Leadbeater, Carruthers, Green, Rosser, & Field, 2011) . In the latter, parties are fundamentally different caste phenotypes that are engaged in a game of mutual trust, one party being the adopting (permanently unmated) workers that are under selection to favour close relatives for indirect fitness gains, the other being the newly mated queens looking for any colony in which they will be allowed to breed and primarily realize their direct fitness potential.
When we consider only the eusocial insects with physically differentiated, permanent castes, the ones we call obligatorily eusocial, it is clear that secondary polygyny is most prevalent in the ants, where it has evolved many times (e.g. Bourke & Franks, 1995; Buschinger, 1974; Crozier & Pamilo, 1996; Hölldobler & Wilson, 1977 , 1990 Keller, 1993) . In contrast, secondary polygyny in vespine wasps and eusocial corbiculate bees is rare (Michener, 1974; Ross & Matthews, 1991) , but quantitative comparative analyses have been few (but see Cronin, Molet, Doums, Monnin, & Peeters, 2013) and neither do we have formal analyses of the differences between facultative polygyny (only some nests in a population adopt newly mated queens) and obligate polygyny (most if not all reproducing colonies have multiple co-breeding queens; but see Bourke & Franks, 1991; Sundström, Seppä, & Pamilo, 2005) . Although there may be intermediate situations between these categories, it is important to acknowledge such bimodal distributions of breeding systems. This is because 'facultative' refers to the origin of a social trait (it has evolved and is maintained at some, usually low frequency) and 'obligate' refers to an elaboration in which the social trait has essentially become fixed in a population or species. The evolutionary explanations for these alternative adaptive states are often very different (Bourke, 2011) , similar to the explanations for facultative and obligate multiple mating of eusocial Hymenoptera (Boomsma, 2013) . The same applies to the distinction between fortress defenders and life insurers (Queller & Strassmann, 1998) , which is an argument of origins that has also recently been extended to offer an explanation for the sex of helpers when advanced social breeding evolves (Ross, Gardner, Hardy, & West, 2013) . However, when eusociality has become elaborated into more advanced stages, this distinction loses its power because helpers usually combine nursing and defence functions.
The first objective of this review is to explain why all obligatorily eusocial lineages except ants have apparently been constrained to evolve high and potentially obligate degrees of polygyny, in spite of facultative polygyny usually occurring. Our second objective is to develop analogies between different versions of polygyny with forms of eukaryote multicellularity, elaborating on similar approaches in earlier reviews (Boomsma, 2009; Bourke, 2011) . Such analogies are of interest because the colonies of obligatorily eusocial insects have (super)organismal properties (Hölldobler & Wilson, 2009; Ratnieks & Reeve, 1992) , but to be fully consistent with organisms these analogies should include joint principles for sequestering germ-lines (Boomsma, 2009; Bourke, 2011) . Our third objective is to revisit the evolution of aggressive nest usurpers and stealthy (inquiline) social parasites to explicitly connect the latter (but not the former) to the evolution of secondary polygyny in the obligatorily eusocial domain (Bourke & Franks, 1991 Buschinger, 1986 Buschinger, , 2009 ). Finally, we will briefly dwell on evolutionary aspects of life span and ageing when reproductives become disposable because of secondary polygyny. Earlier work (Keller & Genoud, 1997) emphasized that polygynous queens are shorter-lived than monogynous queens, but the ultimate evolutionary mechanism behind selection for shorter life span of reproductives after secondary polygyny evolved remains opaque (Bourke & Franks, 1995; Heinze & Schrempf, 2008; Parker, 2010) . Also here we feel that it is helpful to consider obligate and facultative eusociality separately.
TYPES AND PREVALENCES OF SECONDARY POLYGYNY
Comparative data indicate that facultative secondary polygyny has evolved not only in the ants, but also in the corbiculate bees and vespine wasps. Monogyny always remains the most prevalent colony structure (chi-square tests: P < 0.0001 for all three groups; Fig. 2), consistent with single queen colony founding being the ancestral state (Boomsma, 2007; Hughes et al., 2008) and secondary polygyny having evolved to varying degrees (Fisher's exact test: P ¼ 0.0006) across lineages as later elaborations of obligate eusociality. In contrast, high degrees of polygyny are only found in the ants where an appreciable frequency (23%) of the species have at least some populations that are obligatorily polygynous, and for a number of ant species this social structure appears to apply in all populations (see Supplementary material). Our statistical analysis did not adjust for possible phylogenetic confounding, but we believe it gives a reasonably accurate account because monogyny and polygyny are social traits that normally vary among populations of the same species, thus having little phylogenetic inertia. Although we have not formally analysed this, the higher termites (i.e. the major derived monophyletic termite clade with true workers; Inward et al., 2007) are similar to the corbiculate bees and vespine wasps in their degree of polygyny. Facultative polygyny has been found in a number of genera, but it is usually if not always linked to replacement reproductives with obligate sib mating or, rarely, colony mergers. However, very high and obligate degrees of polygyny have not been observed (Kobayashi et al., 2013; Vargo & Husseneder, 2011 ; see also Supplementary material).
Although these patterns will not come as a surprise to social insect researchers (e.g. Keller, 1993 , has multiple such notions across various chapters), they have never been interpreted in relation to specific evolutionary hypotheses. This is because polistine wasps also have lineages with obligate polygyny and these were always explicitly (e.g. Sherman, Lacey, Reeve, & Keller, 1995) or implicitly (e.g. Wilson, 1975) considered as part of a eusociality continuum that also included the eusocial insects with permanent morphologically differentiated castes. However, this continuum concept can only be defended for the cooperative and facultatively eusocial breeding systems (to which polistine wasps belong), but it does not include the obligatorily eusocial domain (Beekman et al., 2006; Boomsma, 2013; Crespi & Yanega, 1995) . The explicit question of why high and potentially obligate levels of polygyny have never evolved after lifetime ancestral monogamy secured permanent caste differentiation in the corbiculate bees, vespine wasps and higher termites has therefore never been addressed. To do that, it appeared to be most straightforward to consider social traits that each of these lineages does not share with the ants: (1) annual colony life cycles (bumblebees and vespine wasps); (2) longdistance dispersal and colony founding by swarming (honeybees, stingless bees and Provespa); and (3) the physical presence of male breeders in colonies (higher termites).
Semelparity and Iteroparity
As it appears, there are no bumblebees and vespine wasps in which queens have been under selection to live longer than a year, and neither are their paper or wax nests in the soil or open air made to last (Hansell, 1996; Michener, 1974) . This likely reflects that annual semelparity is a life-history syndrome that is difficult to abandon, a phenomenon that is known as Cole's paradox. A radical reduction of extrinsic (predation and disease) mortality of mature nests is needed to induce selection for postponed reproduction, longer queen life spans, and ultimately iteroparous breeding (Charnov & Schaffer, 1973; Stearns, 1992) . This transition to perennial iteroparity has independently been achieved by the ancestors of the ants, the termites, the honeybees and the stingless bees (Keller & Genoud, 1997; Parker, 2010) , which all tend to have better protected nests and probably lower disease pressure than bumblebees and vespine wasps (Boomsma, Schmid-Hempel, & Hughes, 2005) . As secondary polygyny implies that workers adopt newly mated queens after their colony has reproduced for the first time ( Fig. 1 ), it appears obvious that the annual life cycles of bumblebees and vespine wasps may allow facultative polygyny under unusually benign conditions for nest survival, but not obligate polygyny.
Long-distance Dispersal by Swarming
The syndrome of obligate eusocial swarming is restricted to the honeybees, the stingless bees and the vespine genus Provespa (i.e. to lineages whose workers are winged). It implies that queens do not found new colonies on their own, but are accompanied by a group of permanently unmated workers to achieve long-distance dispersal. In more detail, swarming evolved in the little-studied basal and nocturnal Provespa branch of the vespine wasps, where swarms contain rather few workers so that colonies can produce multiple swarms, each headed by a single newly hatched and mated queen (Archer, 2012; Matsuura, 1991) . Swarming evolved twice independently in the eusocial bees (Cardinal, Straka, & Danforth, 2010) and is characterized by the young queen leaving with the swarm in stingless bees and the old queen leaving with the swarm in honeybees, although the latter may also produce afterswarms headed by young queens (Michener, 1974) . Neither in annual Provespa, nor in perennial honeybees and stingless bees have swarms been observed to have multiple queens. In contrast, multiple breeder swarms are characteristic for social insect lineages, such as the epiponine and ropalidiine wasps, that have not passed the transition to obligate eusociality in the sense of caste being determined before pupation for all individuals. Here, adult female caste remains phenotypically plastic during a significant part of adult life, so these swarms are conceptually incomparable with those of Provespa, stingless bees and honeybees.
The most obvious explanation for swarm founding of obligatorily eusocial colonies being incompatible with secondary polygyny is local resource competition (Hölldobler & Wilson, 1977; Kümmerli & Keller, 2008 ðcÞ ¼ 34:12, P < 0.0001 for all), but its relative prevalence varies across lineages (Fisher's exact test: P ¼ 0.0006). However, obligate polygyny (grey bar) is exclusively found in the ants. Our ant database contained 364 species, but we excluded primary polygynous, parthenogenetic and obligate socially parasitic species from further analysis. Of the 340 species analyzed 55% were monogynous, 13% facultatively polygynous and 23% obligatorily polygynous. In the case of bees and wasps 97% and 87% were monogynous and 3% and 13% were facultatively polygynous, respectively. For a number of secondary polygynous ants (29; 8%) literature records did not allow us to assess whether polygyny was facultative or obligate (hatched bar). See Supplementary material for data and notes.
closely related breeders are predicted to eliminate each other if the generation that reared them did not already avoid producing more than a single heir (West, Pen, & Griffin, 2002) . This is the same logic as in documented or mythological human history where royal siblings are happy to collaborate in conquering neighbouring territory, but are likely to kill each other when competing for the throne at home. We meet this scenario in its simplest possible form in honeybees, where the local resource for a young queen is very clearly defined as the home nest. Honeybee workers will often produce only a single new queen, but newly hatched queens will always look out for any sister queens that are about to hatch and will kill them without workers interfering (Michener, 1974; Seeley, 1985) . Consistent with this logic, even facultative polygyny is absent in honeybees, except for a brief period of possible mothere daughter coexistence during queen supersedure (Michener, 1974) or the initiation of an after-swarm, and in the unusual parthenogenetic and clonal Cape honeybee, Apis mellifera capensis (Martin, Beekman, Wossler, & Ratnieks, 2002) .
The stingless bees have much higher variation in life history and mode of resource acquisition than the honeybees (Michener, 1974) . However, it is also because swarms always contain a young virgin queen, rather than the old queen, that more variation in the production and subsequent dispersal of young queens could evolve (Peters, Queller, Imperatriz-Fonseca, Roubik, & Strassmann, 1999) . Swarm dispersal of single young queens implies that they are unlikely to compete more with sisters than with nonrelatives for the same distant nesting opportunities, consistent with, as far as we are aware, newly hatched sister queens of stingless bees not having been observed to kill each other. When queen killing happens, it is by workers culling surplus queens that should have developed as workers but escaped control because of mass provisioning and capping of brood cells (Bourke & Ratnieks, 1999; Wenseleers, Ratnieks, & Billen, 2003) . However, stingless bee queens that do end up dispersing accompanied by a swarm of workers are expected to be equally territorial as young honeybee queens once the swarm has left and not to tolerate sister rivals in their incipient colony (Michener, 1974; Peters et al., 1999) . The same applies to honeybees when colonies occasionally produce after-swarms (Seeley, 1985) ; these new queens are not a threat to the half-sister that inherited the colony earlier in the season because they will not mate until after dispersal.
Stingless bee colonies often produce more virgin queens than they can endow with worker swarms. Also this appears logical because these queens can disperse by themselves and compete for occasional vacancies in unrelated colonies that have lost their queen, which justifies their production by the parental colony if they have at least some chance of succeeding (Van Oystaeyen et al., 2013) . This leaves open the possibility that queens may compete for the right to join a swarm, unless that is fully controlled by worker choice so that directly competitive queens' traits are useless. Hamilton (1964b) argued that full-sib relatedness will likely select for nonaggression between newly hatched queens, particularly when there are many, so that the marginal benefit of killing one rival while risking injury is low. In contrast, lone dispersal options are never available in honeybees, where a young queen only leaves the company of her workers to go on her mating flight after any swarms have left, to return to the same colony after a few hours, either the old colony where she was raised, or the new colony if she was part of an after-swarm. Half-sib relatedness between newly hatched queens and the possibility to kill rivals before they can fight back (Hamilton, 1964b) are additional arguments to expect queenequeen aggression in honeybees. It is therefore not surprising that facultative polygyny is occasionally found in stingless bees only (Supplementary material), and that obligate polygyny could not evolve in any of the obligatorily eusocial swarm founders.
None of the arguments outlined so far apply to swarmfounding polistine wasps where caste roles are determined by adult phenotypic plasticity and where the nest-specific number of egg-laying females may cycle but without allowing a single queen any long-term exclusive egg-laying rights (Queller, Strassmann, Solis, Hughes, & Deloach, 1993; Ross & Matthews, 1991) . Neither do they apply to the army ants where swarming has occasionally been used as a term to describe colony fission, because dispersal is local (on foot). This breeding system thus retains elements of local resource competition, consistent with army ants being monogynous throughout, except for a single North American species at the northern edge of the army ant range that is so rare that the colony survival benefits of secondary polygyny likely came to surpass the local resource competition costs (Kronauer & Boomsma, 2007) .
The Threat of Sexual Conflict
The higher termites are similar to the ants in social organization and life history. Both clades are perennial and iteroparous throughout, have wingless foragers and a number of lineages with impressive nest architecture and huge colony sizes. However, there are also fundamental differences in that the termites are hemimetabolous and breed in lifetime monogamous pairs and the ants are holometabolous and have males that survive only as stored sperm. Any higher termite that would secondarily evolve facultative polygyny would thus have to admit either sister queens and unrelated males, or brothers and unrelated virgin queens into the colony, if it were to secure outbreeding. In contrast, ants can simply adopt daughter queens that are inseminated by an unrelated male without having to accept that male himself. Importing fresh blood this way might be highly problematic for existing termite mounds, because termite males live as long as termite queens and have been shaped by selection to mate with queens inside nests throughout their lives (Boomsma, 2007) . Adopting them would therefore unavoidably introduce some likelihood of remating promiscuity with older queens inside existing colonies, the very trait that was completely abandoned in the lifetime monogamous ancestors of the higher termites that evolved true worker castes consisting of individuals that can no longer moult to become reproductives (Boomsma, 2009 (Boomsma, , 2013 .
There is no a priori reason why the hypothetical polygyny/ polyandry scenario outlined above could never have occurred in termites, but as far as multiple reproductives have been found, they seem to be either sib-mating replacement reproductives or pleiometrotic cofounders (i.e. examples of primary polygyny; Fig. 1 ; e.g. Hartke & Rosengaus, 2013; Kobayashi et al., 2013) . This suggests that the reduction in offspring relatedness below the lifetime monogamous value of exactly 0.5 that would follow in the wake of accepting new reproductives makes secondary polygyny after outside mating flights a nonstarter in termites (Boomsma, 2013) . This may be because the true (sterile) workers that emerge via hemimetabolous developmental pathways would come under selection to abandon their commitment to lifetime sterility as adults when the indirect fitness gains from raising siblings would no longer be equal to the direct fitness of raising offspring. As higher termites are centralplace foragers rather than log-nesters (Inward et al., 2007 ) such a reintroduction of sexual conflict might be so profoundly damaging for competitive performance against permanently monogamous neighbouring colonies that no developments towards secondary polygyny have apparently been maintained over evolutionary time.
As it seems, however, colony mergers may occasionally occur also in higher termites, which could represent exceptions to this argument (Adams, Atkinson, & Bulmer, 2007; Hartke & Rosengaus, 2013; Vargo & Husseneder, 2011) .
Positive Selection for Secondary Polygyny in Ants
We have summarized above the three general factors that may have precluded secondary polygyny, particularly its obligate form, but the question remains whether there have also been general selection forces to promote secondary polygyny that might have applied only in the ants. It has been suggested that low survival during queen dispersal, due for example to low availability of suitable nest sites elsewhere, has been such a general force (e.g. Bourke & Franks, 1995; Bourke & Heinze, 1994; Heinze & Foitzik, 2009 ; several chapters in Keller, 1993) , but this argument seems conceptually problematic because it tends to ignore the significant downside of local sibling competition that we met above. This logic is the core of Hamilton and May (1977) and consistent with their mathematical evidence that local resource competition between relatives is such a powerful force that natural selection can reduce tendencies to disperse but never eliminate them. A later review (West et al., 2002) further detailed this insight, showing that sib competition exactly cancels relatedness incentives for local cooperation. It thus appears that dispersal limitations per se are unlikely to explain the prevalence of secondary polygyny in ants and the fact that these polygynous queens almost always coexist peacefully (Bourke & Franks, 1995) .
We propose that options for short-distance colony budding may have provided the general selection regime promoting secondary polygyny. Ants have their eggs and brood in piles so that immature stages can easily be moved around, whereas obligatorily eusocial bees and wasps have their brood in fixed comb structures with cells. Ants further forage on foot in largely two-dimensional habitat, so that bud nests will be additional central-place foraging units (Bourke & Franks, 1995) that are likely to increase a colony's total resource base in parallel with having more mouths to feed. Reduced dispersal will therefore not imply increased competition with relatives if resource requirements and foraging territory increase at the same rate (Gardner, Arce, & Alpedrinha, 2009 ). Proportionality of this kind is most likely when the habitat is homogeneous, which is indeed the general rule both for obligatorily polygynous ants and for populations of normally monogynous ants that switch to predominant polygyny (Bourke & Heinze, 1994; Cronin et al., 2013; Heinze, 1993; Sundström et al., 2005) . As long as such habitats are unsaturated for the particular ant species that happens to colonize and later monopolize it, selection will favour female-biased sex ratios (Gardner et al., 2009 ). However, ant supercolonies are usually found and studied when they have saturated the available habitat, in which case reproductive success is likely maximized by predominantly producing dispersing males, as is often observed (e.g. Gardner et al., 2009; Holzer, Keller, & Chapuisat, 2009; Kümmerli, Helms, & Keller, 2005 ; Van der Hammen, Pedersen, & Boomsma, 2002) .
These benefits of colony budding are unavailable to eusocial corbiculate bees and vespine wasps because (1) foraging territories are orders of magnitude larger than those of ants and fundamentally heterogeneous in three dimensions, so they will always overlap, implying that bud nests nearby will increase competition with relatives without enhancing resource availability (Boomsma, Schmid-Hempel, et al., 2005; Bourke & Franks, 1995) , and (2) cavity nesting will often imply that no suitable nesting opportunities are available nearby (Archer, 2012; Matsuura, 1991; Michener, 1974; Seeley, 1985) . However, higher termites are wingless, twodimensional central-place foragers similar to ants and known to have evolved nest budding in some lineages (Vargo & Husseneder, 2011) , but the reproductives dispersing to these bud nests are inbreeding full siblings. Explaining this form of polygyny is not really challenging, as incestuously reproducing replacement reproductives are equivalent to a recombined clonal extension of the colony germ-line that was established by the outbred founding pair (Boomsma, 2009 ).
SECONDARY POLYGYNY INTRODUCES MODULARITY IN THE GERM-LINES OF EUSOCIAL COLONIES
When eusocial insect queens are singly inseminated and found colonies of full-sib workers that are 100% sterile, there is a perfect analogy with metazoan bodies that start with a zygote, consisting of lifetime-committed gametes, and differentiate into a germ-line and diverse somatic tissues (Boomsma, 2009; Bourke, 2011; Wheeler, 1928) , while maintaining what Hamilton (1972) described as "the disciplined co-operation of the two genomes of the diploid cell". However, when worker castes are merely unmated but retain their ovaries, as often happens in the eusocial Hymenoptera, the colony continues to have elements of modular reproduction. The contrast between unitary (metazoan) growth and modular growth (e.g. plants, fungi, lineages of multicellular algae) is very fundamental (Bourke, 2011; Buss, 1987; Fisher, Cornwallis, & West, 2013 ), but has not been elaborated in much detail for its possible analogies in the eusocial insects (but see Queller, 2000) .
Haplodiploidy implies that worker sons are analogous to male flowers on a body that otherwise reproduces as an animal (Boomsma, 2009 ), but producing worker sons does not change the principle of unitary colony growth as the males disperse like the pollen of male flowers do. All it means is that somatic differentiation is not completely terminal and still allows some gene transmission to future generations (Buss, 1987) . However, secondary polygyny changes this picture in a fundamental way, because the colony will now contain mated sisters of workers who have shed their wings and can disperse on foot to empower budding nests with their egg-laying capacity. Such newly adopted inseminated queens therefore both introduce modular growth (when the 'somatic' workers use them to found bud nests) and recurrent chimerism of the colony via the newly imported, unrelated stored sperm that fertilizes their eggs. Colony budding is fundamentally different from colony fission in honeybees, stingless bees and army ants as discussed in the previous section. Here, dispersal precedes the insemination of young queens so chimerism is avoided, except for a brief period in which honeybee workers may coexist with a replacement queen, a situation in which they also shift to less altruistic behaviours (Woyciechowski & Kuszewska, 2012) . Swarmfounding Provespa appear to be an interesting exception as queens are already inseminated when they leave with their swarm (Archer, 2012; Matsuura, 1991) , but here the annual life cycle will preclude lasting chimerism via recurrent queen adoption.
Metazoan bodies are normally protected from any later developments towards chimerism by a merciless immune system imposing very strict selfenon-self-discrimination (Bourke, 2011) , and analogous nestmate recognition mechanisms apply in the many eusocial Hymenoptera where workers maintain obligate monogyny (Lenoir, Fresneau, Errard, & Hefetz, 1999) . Such discrimination also seems a universal trait in the higher termites (Thorne & Haverty, 1991) , which may recycle genes by incestuously producing replacement reproductives, but appear to never admit new reproductive in the way polygynous ants do (Boomsma, 2007 (Boomsma, , 2009 ; see also previous sections). The evolution of facultative secondary polygyny in the eusocial Hymenoptera thus represents a major recognition transition as it relaxes this form of absolute discrimination (Bourke & Franks, 1991) and thereby the exclusive foundress right to colony ownership and at least the female part of its germ-line function. However, only high degrees of secondary polygyny came to really challenge the unitary germ-line function of the colony founding pair, and those elaborations appear to be restricted to the ants where colony budding may offer fitness compensation in homogeneous habitats (see previous section and notes in the Supplementary material for Fig. 2) .
The problem that remains is that the inclusive fitness interests of the old queen(s), the young queens and the workers are only partly aligned, as budding can only happen after further colony growth, and queens may disagree about staying or leaving with a group of budding workers (Bourke & Franks, 1995; Nonacs, 1988; Pamilo, 1991) . It is here that chimerism reveals its evolutionary Janus-face that makes colony budding inherently unstable as a social construct. While vascular plants with modular growth are clones that produce new germ-line function (flowers) after meristematic growth without these new germ-lines having any say in the matter, secondary queens need to actively decide or be coerced to join budding nests. Polygynous colonies and their workers have thus become a public good that provides services, but that also can be exploited for personal gain. Buss (1987) evaluated a remarkable parallel when he discussed the diversity of late ontogeny in metazoans, highlighting that fully distinct somatic cells of some sponges are still able to differentiate into sperm or eggs. In clonal metazoan bodies such diversity has generally been interpreted as undesirable for stable development, because it completely disappeared in the more advanced lineages of the animal phylogeny (Buss, 1987) . The evolutionary stability of secondary polygyny thus seems to have many evolutionary odds against it.
SECONDARY POLYGYNY AND THE EVOLUTION OF INQUILINE CHEATER MORPHS
The ants are not only unique in being the only eusocial lineage that has repeatedly evolved obligate secondary polygyny, but they are also the only clade that has a huge variety of inquiline social parasites that gain access to host colonies by stealth rather than overt aggression (Bourke & Franks, 1991; Buschinger, 1986 Buschinger, , 2009 Hölldobler & Wilson, 1990) . Similar to many aggressive usurpers, these inquilines have been hypothesized to have evolved from ancestors that practised intraspecific social parasitism, but only the stealthy inquilines have been linked to secondary polygyny as a precursor state (Bourke & Franks, 1991 Buschinger, 1986 Buschinger, , 2009 ). This underlines that stealthy inquilines are fundamentally different from aggressive social parasites that kill host queens either directly or after a short period of coexistence. The latter usurp lone colony founding females or queenless nests and have evolved both in the ants and in facultatively and obligatorily eusocial bees and wasps, while sharing with the stealthy inquilines the habit of often using their closest relatives as hosts (Bourke & Franks, 1991 Buschinger, 1986 Buschinger, , 2009 Wcislo, 1987) . This phenomenon is known as Emery's rule (Hölldobler & Wilson, 1990 ) or Popov's rule (Wcislo, 1987) , which is increasingly interpreted to imply that species pairs of social parasite and host most likely emerged via sympatric speciation (Bourke & Franks, 1995; Buschinger, 1986 Buschinger, , 2009 Savolainen & Vepsäläinen, 2003; Wcislo, 1987) .
The results of our comparative analysis (Fig. 2) are consistent with obligate or predominant secondary polygyny (rather than facultative polygyny; Bourke & Franks, 1991) having been a necessary condition for the evolution of stealthy inquiline social parasites, as these appear to have never been found in the perennial societies of honeybees, stingless bees, and termites where facultative polygyny can occur but obligate polygyny is absent (Fig. 2) . This does not imply that such inquiline species cannot maintain themselves in host populations where secondary polygyny is only facultative, but merely indicates that stealthy inquilines had little opportunities to specialize and become reproductively isolated unless host polygyny was obligate or at least highly prevalent for very long time spans. The honeybees and stingless bees also appear to lack aggressive usurper social parasites, which is likely related to founding queens being protected by their worker swarm. The same lack of social parasites apparently applies to the swarm-founding polistine wasps as well (Hamilton, 1972) . The termites may have other smaller termite species occupying cavities in their nest mounds, but appear completely devoid of Emery's-rule-type social parasites, both usurpers and stealthy ones (Wilson, 1971) . However, the vespine wasps and bumblebees have, respectively, 4% and 11% usurpers (Archer, 2012; Fisher, 1987) , and the overall percentage of social parasites (including both categories) in ants is about 2% (230/ 12 500; Buschinger, 2009 ), but many inquilines probably remain to be discovered. In all clades the number of independent evolutionary origins of usurping social parasites seems limited, but the known ones have often radiated into separate genera. This seems opposite for the stealthy inquilines of ants, which have evolved many times independently, but tend to show very little subsequent radiation.
To understand obligate secondary polygyny as a precondition for the evolution of stealthy social parasitism, it is relevant to briefly elaborate the fundamental reproductive conflicts that characterize this breeding system (Bourke & Franks, 1991 Hölldobler & Wilson, 1977; Nonacs, 1993; Pamilo, 1991; Rosengren, Sundström, & Fortelius, 1993) . It is instructive to start at the opposite end and take a group selection angle that would deny any such conflicts and emphasize that secondary polygyny followed by nest budding should be an honest queen succession and nest inheritance mechanism to maximize population-level productivity. We have illustrated this scenario as a thought experiment in Fig. 3 , assuming that colonies are founded by a single queen, live for 6 years, but need continuous recruitment of new queens from the second year onwards because queens die after 2 years. Workers are assumed to live 1 year and to be in control of the queen admission procedure after each year's nuptial flight (Bourke & Franks, 1995; Kümmerli & Keller, 2008; Nonacs, 1988; Pamilo, 1991) . To keep the example simple we have not included nest budding, but that could be a surplus reproductive activity in years when colonies adopt more queens than usual (e.g. six rather than the usual four in the example of Fig. 3 ). This null model was inspired by Hamilton (1964b) , who quotes Wynne-Edwards (1962, p. 653) for 'the widespread practice of attacking and persecuting strangers and relegating newcomers to the lowest social rank'; in this case the production of sterile worker helpers by newly adopted queens.
The group selection null model of Fig. 3 has all the characteristics of a public good (the rearing services of older workers) that can be exploited for personal rather than group benefits by co-breeding queens that are supposed to produce workers only. At least four types of selfish behaviour will likely be selected for and be difficult to police for workers. First, more queens will want to be adopted than is beneficial for the colony in an average year. This idea was originally developed by Elmes (1973) for Myrmica ants, but may well apply also in other obligatorily polygynous breeding systems (Bourke & Franks, 1991) . Second, once secondary queens are adopted, they may be selected to live longer than the 2 years of the harmonious group selection model, particularly if they can continue to produce reproductives rather than workers. Third, queens may be selected to cut down on worker production in their first year, anticipating that other queens will produce these workers and they can somehow reallocate the saved resources towards reproduction later in life (Bourke & Franks, 1991; Herbers, 1993; Rosengren et al., 1993) . Fourth, we have so far implicitly assumed that queens will seek adoption in the colony in which they were raised (after mating close by), but once a number of these cheating traits have evolved, queens would obtain larger fitness gains when they manage to be adopted in unrelated nests, avoiding that their relatives pay the costs of their exploitation of the public good services of the workers (Nonacs, 1993; Rosengren et al., 1993; Rüppell & Heinze, 1999) .
The above account illustrates that obligate secondary polygyny is fundamentally susceptible to being corrupted by selfish behaviours of the co-breeding queens. Cheating is thus likely to be rampant, consistent with many lineages having specialized on a socially parasitic life history that later became reproductively isolated so that inquilines that use stealth rather than aggression could emerge according to the logic of Emery's rule (e.g. Bourke & Franks, 1991; Savolainen & Vepsäläinen, 2003; Schultz, Bekkevold, & Boomsma, 1998) . Over evolutionary time, species with high and occasionally obligate polygyny would be particularly susceptible to cheating queen morphs, as facultatively polygynous populations have retained the option of realizing full reproductive potential in monogynous colonies, so selection will start favouring monogyny as soon as stealthy inquiline tendencies arise. However, this vulnerability does not mean that workers of adopting polygynous colonies are powerless in reducing the ill effects of being exploited by newly adopted queens. They can correct adoption mistakes by culling supernumerary queens (Keller, Passera, & Suzzoni, 1989) , by making aggression against (or neglect of) queens conditional on low egg-laying rates in the first year (Evesham, 1984) , or they may terminate old queens whose relatedness to younger workers has become too low, all topics that remain greatly understudied.
Recent work on the polygynous ant Formica fusca (Bargum & Sundström, 2007) showed that old queens are more likely to sire reproductive brood than young queens, but that young queens raise their own worker brood, which may help them to produce reproductives the year after, consistent with the type of queen turnover illustrated in Fig. 3 . Queens having higher shares in reproduction were also found to be more closely related to the workers raising the brood, particularly in the critical sexual brood-rearing season, which might imply that workers practise nepotistic discrimination (Hannonen & Sundström, 2003a , 2003b . Another study of the same ant (Ozan, Helanterä, & Sundström, 2013) showed that queens somehow manage to communicate their identity to the workers that raise their brood, and that workers may allow queens to which they are more related to oviposit early in the season, which turns a higher fraction of their female larvae into virgin queens rather than workers. At the same time, workers allocated more efforts towards direct fitness benefits via the production of worker sons when interacting with a lowly related queen than when they nursed the brood of a highly related queen.
The possible occurrence of nepotistic discrimination in precisely these types of eusocial breeding systems is interesting, because nepotism is all but absent in the eusocial domain (Boomsma & d'Ettorre, 2013; Keller, 1997; Thorne & Haverty, 1991) . It might be that intermediate but highly variable relatedness due to frequent queen turnover offers the right set of conditions for nepotism to be maintained in F. fusca, similar to what is expected and found in cooperative-breeding vertebrates (Cornwallis, West, Davis, & Griffin, 2010; Griffin & West, 2003) and social bacteria (West, Griffin, Gardner, & Diggle, 2006) . Work on other Formica ants further showed that new queens are produced and recruited in nests where queen number, and thus local resource competition, is low (Brown & Keller, 2002; Fortelius, Rosengren, Cherix, & Chautems, 1993; Kümmerli & Keller, 2008) , consistent with the idea that high levels of polygyny are characterized by workers managing their adoption decisions to maximize inclusive fitness (for another example see Fernandez-Escudero, Seppä, & Pamilo, 2001) , in spite of difficulties in protecting the commons of the nest, as predicted by earlier models (Nonacs, 1988; Pamilo, 1991) . Finally, F. fusca is host to a large number of usurping social parasites (Czechowski, Radchenko, & Czechowska, 2002) , which may also have contributed to workers having unusually well-developed discrimination skills.
REDUCTION OF QUEEN LIFE SPAN UNDER SECONDARY POLYGYNY
Selection on queen life span is not expected to change much under facultative polygyny, as this retains monogyny as a valid and often dominant alternative mode of breeding in the same population, but this is no longer true when polygyny becomes dominant or obligate. As stated earlier, the border-line between facultative and obligate polygyny may not always be sharp, but the distribution of queen numbers across and within species tends to be bimodal, with facultative polygyny usually implying that only some colonies sometimes adopt secondary queens and obligate polygyny, meaning that colonies are essentially unable to grow big enough to reproduce without having multiple queens (Sundström et Figure 3 . A simple 'honest succession' null model of obligate secondary polygyny. Queens are assumed to live 2 years and workers a single year. All queens produce workers in their first year of tenure and reproductives (virgin queens) in their second year, so the colony becomes polygynous after the first year when its workers begin to adopt newly mated gyne daughters as additional queens. Each new queen is assumed to have stored the sperm of a single unrelated male, so worker relatedness to new queen offspring is 50% of their relatedness to these queens themselves. During the 6 years of the colony's life, worker relatedness is thus diluted every year relative to what it was in the founding year (the shifting shades towards lighter grey). As workers are shorter-lived than queens, there will always be a mix of two worker cohorts that are approximately twice as related within cohorts as between cohorts. When queens produce workers in their first year and virgin queens only in their final year, all workers will have equal and maximal (given the rules of this thought experiment) inclusive fitness because they will always raise the sexual offspring of their mother and her sisters rather than the offspring of their own sisters to which they are less related. How many new queens a colony adopts each year seems of little overall importance, but we have assumed that the number will be similar to that of colony life span (i.e. on average, 4 queens/year; range 2e6 queens).
see also Bourke & Franks, 1991) . Consistent with this dichotomy, the practical separation between facultative and obligate polygyny in our comparative analysis was reasonably straightforward in spite of case studies usually not offering precise quantitative data on queen number or relatedness (i.e. there were rather few cases that we could not assign to one of the two categories with reasonable confidence; see Fig. 2 , Supplementary material).
Once polygyny has become dominant, selection for shorter queen life span may follow rather automatically because the more sterile workers the new queens contribute in their first year after adoption (Bourke & Heinze, 1994; Ozan et al., 2013) , the faster these new cohorts will outnumber the older workers. This will erode loyalty to the previous generation of queens, possibly via scenarios reminiscent of a 'virtual dominant', an abstract shifting breeding entity to which group members have maximal average relatedness (Reeve & Jeanne, 2003) . The ant Cardiocondyla obscurior has recently been shown to have shorter-lived queens in polygynous colonies and longer-lived queens in sympatric monogynous colonies (Schrempf, Cremer, & Heinze, 2011) , suggesting that adjustments in queen life span can remain phenotypically plastic when polygyny varies. It may even pay to make workers smaller so more of them can be produced for the same investment and faster, consistent with observations that workers and queens often tend to be somewhat smaller in polygynous populations relative to monogynous ones (Bourke & Franks, 1995; Elmes & Keller, 1993; Rüppell & Heinze, 1999) .
While seemingly altruistic worker production in the first year after adoption may secure colony productivity (and solve one of the potential cheating problems outlined in the previous section), it also increases every queen's risk of being 'dismissed' earlier by younger worker cohorts. This will relax selection for somatic repair in queens, accelerating rates of ageing (Stearns, 1992) and thus decrease the need to store maximal numbers of sperm. Across species this would lead to the expectation that average queen number per colony is negatively correlated with average queen longevity and fecundity (Keller & Vargo, 1993) when adjusted for queen life span in monogynous sister clades. Thus, in monogynous colonies (the ancestral state of obligate eusociality) the life span difference between workers and queens will gradually increase with increasing colony size (i.e. queens will age more slowly and workers relatively faster; Keller & Genoud, 1997; Kramer & Schaible, 2013; Parker, 2010) , but this trend should be reversed under obligate polygyny. This yields the expectation that queens should be relatively short-lived in ant species that are highly polygynous in all populations, but not in ants that have both monogynous and polygynous populations.
The interaction between inclusive fitness theory and evolutionary theories of ageing has recently been reviewed by Bourke (2007) , but applying these principles to obligatorily polygynous ants is complex because the interests of workers and secondary queens are unlikely to be aligned (Nonacs, 1988; Pamilo, 1991) . Workers would benefit from having newly adopted queen cohorts producing many new workers to help raise the sexual offspring of their mother and her sister queens, even though this will likely shorten the reproductive tenure of their mother. Queens on the other hand would be selected to survive and reproduce longer than is in the joint interest of the workers and to evolve strategies intended to make workers believe they belong to a later cohort (Herbers, 1993; Nonacs, 1993; Rosengren et al., 1993) . However, more general life-history theories of ageing (Heinze & Schrempf, 2008) have to our knowledge not been applied in any explicit detail to the secondary polygynous eusocial insects since the initial survey by Keller and Genoud (1997) . We believe that any such conceptual developments should be based on elaborations of the seminal model by Charnov and Schaffer (1973) , who showed that selection for perenniality (and by implication iteroparous reproduction) depends not on absolute mortality rates, but on the ratio between mortality in the juvenile and adult stage.
When eusocial colonies are claustrally founded and remain monogynous, colony life span is equal to queen life span and the transition from the juvenile to the adult stage will then, as in all other organisms, start with sexual maturity (Stearns, 1992) ; that is, the end of the so-called ergonomic phase of purely somatic colony growth (Oster & Wilson, 1978) . Such colonies are founded after risky mating flights and have highly vulnerable phases of initial colony growth (Clark & Fewell, 2014; Oster & Wilson, 1978) , so juvenile mortality will always be very high. This implies that iteroparity could probably evolve only after nests had become fortresses against predators and diseases (Queller & Strassmann, 2002) by the time reproduction started, consistent with cavity nesting in honeybees and stingless bees and quite possibly deepersoil nesting in the ancestors of ants that made the transition to perennial eusociality early on (Boomsma, 2009; Johnson et al., 2013) , similar to the termites. The most spectacular elaborations of iteroparity based on single queen tenure are found in the ants and termites (Keller & Genoud, 1997) , in comparison to which queen life span in honeybees and stingless bees is modest at best. This may be related to mortality of mature colonies of honeybees, stingless bees, ants and termites being of similarly low magnitude, whereas dispersal by swarming implies considerably reduced mortality of young colonies in honeybees and stingless bees (Cronin et al., 2013; Michener, 1974; Seeley, 1985) . The ratio between the two mortality rates would thus be increased and selection for extremely long queen life spans weakened in these bee lineages. This is consistent with queens of army ants being only moderately long-lived (Franks & Hölldobler, 1987) as their shorterdistance dispersal by colony fission also decreases mortality of young colonies.
Using the same logic for obligatorily polygynous ants is more involved, but seems to allow at least some sensible inferences. Mating close to the nest should reduce juvenile mortality and being adopted rather than having to found a colony independently further reinforces that trend even though becoming part of a small and possibly vulnerable bud nest may partly reverse this. Adult nest mortality, on the other hand may either be the same as in monogynous ants, or different depending on colony size varying between a couple of thousand ants in, for example, Myrmica species (Elmes & Keller, 1993) and Formica fusca, and millions in some polydomous Formica species (Rosengren & Pamilo, 1983) . This suggests that reductions in queen life span may be most pronounced in polygynous ants with small colonies.
There is a final fundamental issue about queen life span and ageing that we would like to touch upon. It would seem obvious to the field ecologist that monogynous eusocial queens combine high iteroparous fecundity with a long life span, but in fact it is not. As Charnov and Schaffer (1973) and later life-history studies have noted (Stearns, 1992) , there usually is a trade-off (i.e. negative correlation) between fecundity and life span, so that long-lived animals tend to be less fecund. However, the reverse applies in honeybees (Remolina & Hughes, 2008) and in two closely related Cardiocondyla ant species (Heinze, Frohschammer, & Bernadou, 2013; Heinze & Schrempf, 2012; Schrempf et al., 2011) . The separation between obligate and facultative individual commitment to eusocial caste that we applied throughout this review may offer an explanation for this phenomenon. When lifetime unmated workers farm physically differentiated queens as egg-laying 'organ(s)' of a colony, producing only the queens needed, and have them mate with local males so they never leave the colony, it seems highly unlikely that there is a cost-of-reproduction trade-off. In metazoan bodies, germ-line longevity is normally positively correlated with somatic longevity, and permanently eusocial colonies where breeder and worker castes can never realize any reproductive success without each other appear to offer an analogous situation. No such positive correlations would be expected for queens of paper wasps or (in)vertebrate cooperative breeders, whose reproductive efforts should remain linked to aggressive dominance, which is more likely to trade-off against life span.
CONCLUSIONS
We have argued that the study of multiqueen breeding in ants, bees and wasps with eusocial colonies gains in transparency when lineages with permanent, morphologically differentiated castes are clearly distinguished from those having castes that are either behavioural or based on phenotypic plasticity after reaching the adult stage (Beekman et al., 2006; Boomsma, 2013; Crespi & Yanega, 1995) . The rationale is that it matters whether female reproductive success is determined directly in dominance hierarchies or indirectly by lifetime unmated workers who essentially 'farm' a shifting group of co-breeding queens. Maintaining this separation makes it easier to see the convergent ways in which kin selection has shaped breeding in eusocial colonies on either side of the lifetime monogamy window that marks the origins of obligate lifetime unmatedness of worker castes and their physical differentiation. Whether or not workers are often or always lifetime committed to unmatedness makes a fundamental difference, because they become obligate 'soma' for a single or multiple queen germ-line(s) by default in the latter case, but not in the former.
So where, if anywhere, is secondary polygyny heading in a longer-term evolutionary perspective? Our, admittedly crude, comparative analyses suggest that facultative polygyny can hardly evolve in the higher termites and honeybees and that it remains a relatively marginal add-on to the life span of existing colonies in some bumblebees, vespine wasps and stingless bees. The ants appear to be the champions of this type of social system, as both facultative and obligate polygyny are common in populations of many species. Shifting to polygyny carries many potential costs, but the unique ecology of ants seems to provide a number of compensating benefits that often surpass these costs. These advantages appear to be ultimately related to workers foraging on foot in two-dimensional habitat and to adopted queens being lifetime inseminated, which is not possible in termites. It seems unlikely, however, that the long-term ecological benefits of polygyny continue to increase when queen numbers keep rising. Although many ant lineages have achieved such high degrees of polygyny that within-colony relatedness among workers approaches zero, these lineages appear to be evolutionary dead ends (Helanterä et al., 2009) and to have modest ecological footprints unless humans start vectoring them to novel habitats where they, likely due to their specific life-history characteristics (Pedersen, 2012) , can become large-scale invasive pests (Rabitsch, 2011) .
As it seems then, secondary polygyny is an evolutionarily successful innovation only when it remains both moderate and variable in degree even when essentially all nests in a population are (potentially) polygynous. Examples of such variation, among species, among conspecific populations, and among nests within populations, abound in well-studied ant genera such as Formica, Myrmica, Lepthothorax/Temnothorax, Cardiocondyla, Crematogaster and probably across other ant genera as well. The swarm-founding polistine wasps appear to be the only other lineage that has made a similar success of moderate but obligate polygyny but, as we argued, for fundamentally different reasons because they remain associations of reproductively totipotent adult females whereas every female ant is committed to a mated-breeder or an unmatedhelper status for life. Polygynous ants and swarm-founding polistines intrigued Bill Hamilton. They were discussed at some length in his seminal inclusive fitness papers (Hamilton, 1964a (Hamilton, , 1964b (Hamilton, , 1972 and it remains truly remarkable how few hard data were sufficient for him to initiate the most fundamental innovation of the Darwinean paradigm in the 20th century. Fifty years later, these observations remain powerful illustrations of how his gene's eye view of evolution through natural selection is indispensable for understanding the general principles of social evolution. However, interpreting the kin selection forces that have shaped divergent polygynous systems in the social Hymenoptera becomes more straightforward when acknowledging that they belong to different domains of social evolution where the same inclusive fitness principles produce different adaptive end points.
